Space weather events produce variations in the electric current in the Earth's magnetosphere and ionosphere. From these high altitude atmospheric regions, resulting geomagnetically induced currents (GICs) can lead to fluctuations in ground currents that affect the electric power grid and potentially overload transformers during extreme storms. The most extreme geomagnetic storm on record, known as the 1859 Carrington event, was so intense that ground-based magnetometers were saturated at high magnetic latitudes. The most reliable, un-saturated observation is the hour-resolution data from the Colaba Magnetic Observatory in India. However, higher frequency components -fluctuations at second through minute time cadence -to the magnetic field can play a significant role in GIC-related effects. We present a new method for scaling higher frequency observations to create a realistic Carrington-like event magnetic field model, using modern magnetometer observations. Using the magnetic field model and ground conductivity models, we produce an electric field model. This method can be applied to create similar magnetic and electric field models for studies of GIC effects on power-grids.
Introduction
The largest solar and geomagnetic storm on record was observed by Richard Carrington on 1 September 1859 . Carrington observed an abnormally large group of sunspots and subsequent solar flares in white light in his ground-based observatory. This observed solar activity precipitated an abundance of activity -a coronal mass ejection, geomagnetic storm, aurorae at low geomagnetic latitudes -whose impacts could be detected at the surface of the Earth. In modern space weather analyses, the Carrington Event has become an example of extreme geomagnetic storm conditions, and is often used as a worst case scenario in Geomagnetically Induced Current (GIC) planning.
No storm as powerful as the Carrington Event has occurred since, but society is increasingly more reliant on electric power transmission than it was in 1859. Modern society relies upon the bulk power system for needs as diverse as preservation and distribution of food resources, public transportation, satellite communications, and information technology supporting e.g., emergency and medical services. With increased dependence, the infrastructures supporting the power grids are increasingly more complex and interconnected, making risk assessment, mitigation, and prevention more difficult. Additionally, with modern power grids operating closer to capacity than during the last extreme space weather event, the space weather effects from a future Carrington-level event are likely to be more wide-spread than the comparatively minor disruptions experienced in 1859 (e.g., communications disruptions to the telegraph systems). Such events can thus be considered high-impact (or high-consequence) and low-frequency. Recent research in the field of Space Weather gives better understanding of how to mitigate, respond to, or even X -4 GIC COLLABORATION AUTHORS: EXTREME EVENT GIC prevent geomagnetically induced current (GIC)-related damage on a global scale [NRC , 2008; Erinmez et al., 2002] , but it is also important to produce results for more localized regions [Ngwira et al., 2015] .
In this article, we present a new technique to model and scale the magnetic and electric fields associated with space weather storms, which can be used to determine GIC-related damage to power grids at specified locations. As an example of the technique, we present a model of an extreme space weather storm for the United Kingdom (UK). We create the expected magnetic field measurements for a scenario representative of a Carringtonlevel event and from here determine the expected electric field that drives GICs in long conductors. Magnetometer observations from twenty recent geomagnetic storms are used to determine a scaling factor between the strength of the storm and the power in the magnetic field observations. The magnetometer observations are described in Section 2 and the scaling technique is shown in Section 3. The scaling factors are used to create a UK-specific Carrington-level storm magnetic field model in Section 4. The ground conductivity models and our electric field model are described in Sections 5 and 6, respectively. Finally, we summarize our technique in Section 7.
Magnetic Field Observations
Magnetic field observations were obtained through the International Real-time Magnetic Observatory Network [Love and Chulliat, 2013, INTERMAGNET] latitude and used as a basis for our UK-specific modeling. We also used HAD observations of the March 1989 event, obtained from SuperMAG [Gjerloev , 2009 [Gjerloev , , 2012 .
ABG data were analyzed to determine the scaling between lower latitudes and higher latitudes. The Alibag Magnetic Observatory is 30 km SSE of Mumbai and was established in 1904 to substitute for the Colaba Observatory, which is the only data source for a non-saturated magnetometer record of the Carrington event. Therefore, comparing the ABG data from recent storms with the higher latitude stations provides an estimate for the proper scaling of the Colaba Carrington event magnetometer measurements to the expected level in the UK, which are unavailable for the Carrington event. The Colaba data for the Carrington event were 1-hour resolution magnetograms ].
To determine the time periods for selecting storms, archived observations of the Dst index, which is mainly a global measurement of the ring current [Dessler and Parker , 1959] (though contributions from additional currents such as dayside magnetopause current and nightside near-Earth tail current are possible), were used. Using the Dst index provides a consistent metric for geomagnetic activity that is commonly used in space weather
analyses. An advantage to using Dst is that it is more highly resolved for large storms than an alternative measurement such as Kp. This is particularly important since we are defining the spectral characteristics, where the rise time of the storm is very important.
Dst measurements were obtained from the Data Analysis Center for Geomagnetism and Space Magnetism at Kyoto University. Strong geomagnetic storms were identified from 1998-2012. Definitions of geomagnetic storms by duration and minimum Dst are somewhat arbitrary, but in general an intense storm is defined as having a minimum Dst < −100 and X -6 GIC COLLABORATION AUTHORS: EXTREME EVENT GIC duration ≥ 3 hours [Gonzalez et al., 1994] . To select a sample of storms in an automated and uniform way, we adopt the criteria of identifying the most intense storms as those with local minima below -150 for at least 3 hours. We focused our analysis on the 15 
Spectral Scaling
In this section, we present our technique for scaling the spectral intensity to reflect a rington event data are lower frequency, hour scale observations. The higher frequencies are expected to play an important role in GICs [Beggan et al., 2013] , making the use of the more recent magnetometer data particularly crucial.
The scaling relationships were developed from the power spectra of B H . The purpose of this analysis was to determine the relationship between power spectra from magnetometer measurements and Dst, to derive a relationship that scales spectral components from past storms to create realistic magnetometer measurements of a Carrington-like storm. Power spectra were created for each geomagnetic storm in Table 1 for each of the stations (HAD, BFE, NGK, WNG, and ABG). The power spectrum is computed as the absolute value of the discrete fast Fourier transform (FFT). Figure 2 shows the power spectra of B H for all geomagnetic storms analyzed for the HAD and ABG stations. The power spectra of individual storms are color-coded according to the minimum Dst level. As shown in Figure 2 , the slope of the power spectra are consistent for all Dst levels, while the stronger storms result in scaled-up power spectra relative to the weaker storm power spectra. We discuss this further and quantify the scaling factors below.
The logarithm of the power spectrum in nT versus the logarithm of the period in minutes (e.g., shown in Figure 2 for the HAD and ABG stations) were fit with a linear least-squares regression model as:
Power (P , in units of nT) corresponding to a period from 2 to 90 minutes was used in the fits. We computed the slope (m T ), intercept (b T ), Pearson correlation coefficient (r T ), pvalue, and standard error for each storm. Table 2 includes the average slope and standard deviation from the 20 geomagnetic storms for each station, as well as the average r T . The linear fits are statistically significant, indicated by r ≈ 0.80 and low p-values (< 10 −6 for all fits). The average and standard deviation from the linear fits of the power spectra from HAD are m T = 1.0919 ± 0.1296 and b T = 1.4504 ± 0.3671. There is no significant variation in the slope with respect to the strength of the storm. However, b T is dependent on Dst, particularly for the higher latitude magnetometer stations.
To establish the Dst-dependence of b T , linear least-squares fits were performed using Dst min from Table 1 . Results of these fits, corresponding to fits of the form
are included in Table 2 . The fits are most significant for the higher geomagnetic latitude stations, with r Dst ≈ −0.8 and p-values ≤ 10 −5 . For ABG, the Dst-dependence is less significant, likely due to the lower latitude (i.e., geomagnetic disturbances tend to be larger at high latitudes as an effect of the auroral electrojet [Ngwira et al., 2013] ), with r Dst = −0.55 and a p-value of 0.019. From our fits, we find a negative correlation between b T and Dst, resulting in a larger scale factor for stronger storms.
Based on our analysis of the Hartland, UK magnetometer data, using the standard deviation between m Dst and b Dst for the additional stations at similar magnetic latitude, we estimate the expected power for geomagnetic storms in the UK as:
This equation Colaba. Siscoe et al. [2006] reanalyzed the magnetogram with hourly averages, similar to typical calculation of Dst, and estimate Dst min ∼ −850 nT.
By comparing the power spectrum analysis from the ABG data to the analysis of the HAD data, we estimate the scaling between the Colaba Observatory and HAD. This scaling factor is applied to the Carrington event magnetometer observations from Colaba.
For the Carrington event, we find that at a one-hour frequency, the ratio of P U K /P ABG ranges from 4 for Dst min = −850 nT to as high as 14 for Dst min = −1760 nT. These limits are used as the upper and lower limits for the scaling factor to produce a UK specific Carrington-sized storm.
Carrington Magnetic Field Model
Given these spectral contributions and scaling factors, we construct a magnetic field time series that has characteristics of a Carrington-sized event. The resulting magnetic field model is described as a Carrington-sized storm since we combine scaled data from a selection of storms with varying time resolution. The Colaba data has hourly resolution and forms the basis of the model. We add to this more recent data from smaller-scale geomagnetic storms that have higher cadence time resolution. We also add storm sudden commencement (SSC) separately, based on the March 24, 1991 event, which was one of the fastest moving CMEs in the historical record. Because the SSCs are aperiodic, they can not be scaled using the frequency content of other storms and must be estimated separately. Our magnetic field model, therefore, includes the following:
• one-hour Carrington event data from Colaba, scaled to UK latitudes
• one-minute 1989 data from the UK, scaled by Dst min to Carrington-sized storm
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• one-second 2012 data from the UK, scaled by Dst min to Carrington-sized storm
• Storm Sudden Commencement from March 24, 1991 in HAD, scaled by Dst min to Carrington-sized storm
The 1989 one-minute data is from the Quebec storm, which is the first storm listed in Table 1 . This is used for the one-minute resolution data since it is the largest geomagnetic storm in recent years with known GIC effects. Data of one-second resolution have only been available during the current solar cycle, while the intensity of solar activity and geomagnetic storms has been less than in the previous solar cycles. Therefore, we must choose a weaker storm for the one-second time frequency observations. The March 2012 storm (storm 20 in Table 1 ) is among the strongest with reliable one-second data.
The scaling factors were derived used the results from the power analysis in Section 3.
The one-hour scaling factor is the ratio of P U K /P ABG at Dst min = −1000 nT, with limits described in Section 3. The one-minute scaling factor is computed using Equation 3 as P (Dst=−1000) /P (Dst=−589) ∼ 15, from the ratio of the computed power of the Carrington storm to the March 1989 storm. Since the one-second data are not available for a wide range of storm strengths, we could not use the same technique to reliably determine the highest frequency scaling component. Instead, we assume that the highest frequency component is consistent for weaker storms, with |Dst min | < 250 nT, and scale the 2012 one-second data by the same factor of 15. Though, our scaling relation in Equation 3 suggests the factor could be as high as ten times this amount. More stringent limits on the one-second scaling will require observations of higher intensity storms, of which component, we scaled the March 24, 1991 storm's SSC by a factor two, chosen to match the level of the positive peak in the one-hour Carrington event data from Colaba.
We extract each frequency band from the listed events, resample each to a one-second time resolution, and add them in the time domain. Figure 4 shows this composite time series. For the composite time series, a linear detrend was implemented to ensure that there is no step between the first and last data points. Additionally, the direct component offset of the magnetic field was zeroed, since for the electric field calculation this component will not contribute to E, which is a function of dB/dt. This magnetic field model will be used in the following sections as the magnetic field driver to a GIC impact analysis of Carrington-type event on a modern UK power system.
The frequency bands were extracted using wavelet coefficients in a multi-resolution analysis. While similar results are achieved with a FFT with a Gaussian window, we chose a wavelet analysis because it is simpler to deal with aperiodic components and for previous use of the technique in magnetometer studies (e.g., Xu et al. 2008 and Xu et al. 2013) . The output of the wavelet transform are 12 levels of frequency-banded time series.
For example, there were 3 time series with characteristic frequencies with in the 1-minute to 1-hour band. These were selected, and recombined using a wavelet transformation in the reverse direction. This is similar to a band-bass filter in frequency space analysis, but preserves the aperiodic fluctuations that are important to GIC calculations.
To test our magnetic field scaling method, we applied the technique to HAD secondresolution magnetometer observations of five recent geomagnetic storms with minimum Dst levels ranging from -83 to -155 nT. These storms are similar intensity to the 2012 data used for the Carrington-sized storm scaling. As a first step, we performed the same power X -12 GIC COLLABORATION AUTHORS: EXTREME EVENT GIC spectrum analysis on the second-resolution data as the minute-resolution data analysis described in Section 3. We found that the higher frequency data scaled in a manner consistent with the results of the minute-resolution analysis. We then used our technique to simulate the magnetometer observations at HAD for each of the storms by using the one-hour resolution component of the individual storm along with scaled minute and second resolution components from each of the additional four storms. Results of the analysis are shown in Figure 5 . We find that our scaling technique produces realistic magnetic field models. The average normalized rms error computed between the magnetic field measurements and the simulated models using the scaled frequency components of different storms ranges from 5-8% with a standard deviation of 0.015. The error introduced from using higher frequency components from different storms is therefore much lower than the range of Dst values estimated for the Carrington event (between -850 and -1760 nT).
Conductivity Models
Given the magnetic field constructed for the model event, we next determine how that magnetic field interacts with the conductivity of the Earth beneath the power systems in our analysis. There are several models of deep earth conductivity available through the European Risk from Geomagnetically Induced Currents (EURISGIC) program [Viljanen, 2011] . These are simple, 1-D layer cake models with three or four layers per region as represented in Table 3 .
While the magnetic field is the driver of GIC, deep Earth conductivity determines how large of a response the Earth will produce in terms of an induced electric field. intended to provide a first order estimate. As such, they do not include 3-D structure, an omission which can lead to electric field reductions along boundaries. In addition, the EURISGIC models are not very well resolved at shallow depths. This means that electric field induction due to the higher frequency magnetic field fluctuations will be underestimated in our analysis.
Beggan et al. [2013] performed an analysis including 3-D conductivity models with detailed shallow conductivity. They found that while detailed conductivity makes a difference in the calculation, it is a second order effect after the magnetic field driver. In general, better conductivity models lead to increased electric field estimates. This again implies that our estimations using 1-D conductivity may be too low and should be used as a lower bound.
The coastal effect is a good example of electric field enhancements that can occur due to lateral variations in conductivity. At a water-land interface, there is a very sharp difference in conductivity. This phenomenon is observed in Beamish et al. 
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proached 250 V in the sudden storm commencement scenario and 400 V in the electrojet case (assuming a Gaussian rather than uniform magnetic field).
In the applications to the UK power grid, the risk analysis in Erinmez et al. [2002] showed that transformers at the coasts exhibited the highest GIC flows and associated saturation. Quantitatively, Beamish et al. [2002] found that the contrast in resistivity at the coastal boarders produced electric field enhancements as high as 4 V km 
Induced Electric Field
To calculate the electric field with 1-D conductivity profiles, we first calculate the surface impedance as a function of frequency for each of the four UK conductivity models. We use the standard plane wave assumption and the method described in Weaver [1994] to produce the surface impedance profiles. There are small differences in the impedance profiles for each of the 4 models, but they are generally similar.
The electric field at a given spectral component is calculated in the frequency domain using a method conceptually similar to Trichtchenko and Boteler [2001] , which relates the electric and magnetic fields in the following way: where E(ω) is the electric field, B(ω) is the magnetic field, and Z is the surface impedance at frequency ω. Using the surface impedance profiles from Table 3 ,and applying a wavelet method to transform between the frequency and time domains, we produce the electric field time series shown in Figure 6 .
In Section 3, we used a scaling technique to adjust the spectral content between storms of different intensity. However, every storm is unique, and the relationship between spectral enhancements is not exact. This uncertainty can be seen in the scatter of values around the line fits in Figure 3 and is represented as a range of values given in Table 2 and Equation
3
. Using the largest and smallest combinations of scaling parameters, we estimate the range of electric field that is possible within these bounds. These bounds are shown in Figure 6 as the red range surrounding the blue line, which is our electric field estimate.
Given this uncertainty propagation, we estimate that the range of electric field values at the maximum point is approximately 4-20 V km −1 . This is a wide range of values that takes into account the possibility of a unique storm that does not scale in a typical or average manner.
The scaling uncertainties derived from Table 2 are a result of the lack of direct measurements of extreme storms in the historical record. There are other sources of error in our simple analysis that are due to incomplete information. We have mentioned these uncertainties in previous sections, but reiterate them here to support the idea that these electric field estimates and GIC estimates should be used as a lower bound on the potential impact of a Carrington event. Each of the following has the potential to impact the electric field estimates for a given storm: 3. Lack of coast effects. It has been well-established that induced electric fields are enhanced along the coasts, with the potential effect extending inland 70-100 km. The range of estimates of this impact varies considerably, but it is likely that the electric field could be significantly enhanced due to the coastal effect.
By taking these sources of uncertainty into consideration in future analysis, the errors in the impact of an extreme event can be reduced. Better conductivity models, as well as magnetic field records with a one-second time resolution for other moderate events, are available through BGS.
With these uncertainties in mind, our electric field calculated for the Carrington-type event has a maximum intensity of approximately 9 V km −1 . In comparison, the proposed NERC guidelines for GIC mitigation in the US, TPL-007-1 , include a maximum electric field magnitude of 8 V km −1 for a 1-in-100 year reference event. Pulkkinen et al. [2008] estimate a Carrington-level electric field of 4 V km −1 based on solar wind correlations.
In contrast, Kappenman [2003] suggests that a 1-in-100 year event should be closer to D R A F T May 16, 2017, 12:32am D R A F T GIC COLLABORATION AUTHORS: EXTREME EVENT GIC X -17 20 V km −1 , and the Carrington event could have been even larger. Beggan et al. [2013] reported that 10 V km −1 would be expected in the UK for an extreme storm, based on 3-D conductivity and modeling results, although values of near 30 V km −1 were possible in their model. The variation in these numbers is a reflection of the uncertainties in many aspects of these analyses. We suggest that, while our simple analysis is consistent with the more advanced analysis, it be used as a lower bound on potential impacts due to the uncertainties already discussed. The advantage of our technique over alternative methods is that frequency-domain analyses are simple to compute, while still preserving aperiodic signals (e.g., the storm sudden commencement). During large storms, the sudden storm commencement is completely aperiodic, and it can contribute very strongly to the induced geo-electric field.
Summary
Even for modern large storms there is a high level of uncertainty in the actual intensity and effect of GICs on power grid systems. The higher time resolution observations of the magnetic field in the past decade have not recorded any large storms. Conductivity models are simplified and the possible impacts of local variations can be large. Further, the actual impact and susceptibility of transformer assets to an induced GIC is highly dependent on transformer type and configuration.
Despite these caveats, we present a technique to model a Carrington-like event, which
gives an estimate of the direct impacts of an extreme event based on available data and models. The actual impacts during a real storm will vary with the specifics of a storm and within the uncertainty of the assumptions we made. As an example, we determined the relationship between storm strength, parameterized with Dst and the horizontal compo-
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Using the scaling relations, we combined magnetic field measurements from representative storms to create a model magnetic field for the UK. Using a ground conductivity model, we determined an extreme event electric field model.
Based on our extreme event scenario and a comparison to published work (e.g., Beggan et al. [2013] ), electric field values of 10 V km −1 could reasonably be expected for the UK during an extreme event. GICs induced during these events could be impactful, in the range of 100-300 A, depending on asset location and system orientation specifics. The impact on power grid assets would be highly dependent on transformer configuration, system topology, and the spectral content of a given storm.
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The data necessary to reproduce the analysis are available from the authors upon request Table 1 for the HAD (top panel) and ABG (bottom panel) stations. Color-coding is according to the minimum Dst for each storm. The strongest storms are shown in red and the weakest in pink. The slope of the power spectra are approximately the same, while there is a constant scaling factor that is highest for the strongest storms. Figure 3: Examples of linear least-squares fits to determine the Dst-dependence of the power spectra-time best-fit parameters for the HAD and ABG stations. The slope (m T ) and intercept (b T ) are derived from fits to the power spectra of each of the geomagnetic storms listed in Table 1 . No Dst-dependence is found for m T , with a Pearson correlation coefficient < 0.1 and p-value ≈ 1 for all stations. A correlation exists with b T , which we quantify in Table 2 .
X -26 GIC COLLABORATION AUTHORS: EXTREME EVENT GIC Details for the twenty selected storms used in determining the scaling factor between Dst and the magnetometer observations. Included are the storm number (N ), date of the onset of the storm Results from linear least-squares fits to the power spectra from the twenty storms listed in Table 1 
